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Instituto Carlos Chagas/Fiocruz, Curitiba, Brazil; 3Instituto Nacional de Tecnologı́a Agropecuaria, Estación Experimental Agropecuaria Rafaela,
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Abstract. Many species of Amblyomma ticks are commonly found infesting wild birds in South America, where birds
are important hosts for several arboviruses, such asWest Nile virus (WNV) and St. Louis encephalitis virus (SLEV). In this
study, WNV and SLEV transmission experiments were performed to evaluate the vector competence of three South
American tick species:Amblyomma ovale, Amblyomma tigrinum, andAmblyomma tonelliae. Larval and nymphal ticks of
each specieswere allowed to feedonchicks needle inoculatedwithWNVorSLEV.All threeAmblyomma species acquired
eitherWNVorSLEV through larval feeding,with infection rates varying from3.1%to100%forWNVand from0%to35.7%
for SLEV in engorged larvae. Transstadial perpetuation of the viruseswas demonstrated in themolted nymphs, withWNV
infection rates varying from 0% to 33.7% and SLEV infection rates from 13.6% to 23.8%. Although nymphal ticks also
acquired either virus through feeding, transstadial perpetuation to adult ticks was lower, with virus detection in only 3.2%
of A. tigrinum and 11.5% of A. tonelliae unfed adult ticks. On the other hand, vector competence for nymphs (exposed to
WNVor SLEV through larval feeding) and adult ticks (exposed toWNVor SLEV through larval or nymphal feeding) was null
in all cases. Althoughour results indicate transstadial perpetuation ofWNVorSLEV in the three tick species, the tickswere
not competent to transmit these agents to susceptible hosts. The role of these ixodid tick species in the epidemiology of
WNVandSLEVmight be insignificant, even thoughat leastA. ovaleandA. tigrinumare frequent bird ticks in LatinAmerica,
so the virus could survive winter in the fed larvae. However, future studies are required to determine the implications that
this could have, as well as analyze the vector competence of other common bird tick species in South America.
INTRODUCTION
West Nile virus (WNV) and St. Louis encephalitis virus
(SLEV) are emerging arboviruses (arthropod-borne viruses).
Both are members of the Japanese encephalitis serogroup
within the genus Flavivirus (family Flaviviridae) whose distri-
butions did not overlap before the invasion of North America
by WNV in 1999.1,2 West Nile virus was isolated for the first
time in 1937 from the blood of a febrile woman in theWest Nile
district in Uganda.3 West Nile virus has propagated to a vast
region of the globe and it is now considered one of the most
important causative agent of viral encephalitis.4 Presently, it
has been found in Africa, the Middle East, parts of Europe,
Southern Asia, Australia, and America.5 In the American
continent, WNV emerged in the United States as an important
medical and veterinary pathogen.1 The first activity report in
the southern cone of South America was in April 2006, when
three horses died because of WNV in Argentina.6 However,
established transmission foci in Argentina were detected by
2005, as evidenced by resident birds that tested serologically
positive for WNV (Cardinalidae, Columbidae, Falconidae,
Furnariidae, Icteridae, and Turdidae, among other bird fami-
lies).7 St. Louis encephalitis virus was isolated for the first time
in 1933during ahumanencephalitis outbreak inSt. Louis,MO,
and, currently it is exclusively distributed in the American
continent.8 In Argentina, the last diagnosed human case by
SLEV was in 1987 when a febrile human was reported in
Buenos Aires city.9 Seventeen years later, SLEV reemerged in
the central region during 2002.10 Since then, outbreaks have
been reported in theprovincesofCórdoba (2005),11 EntreRios
(2006), Buenos Aires (2010), and San Juan (2011).12
The multi-host–vector profile of these viruses gives them the
ability to invade and colonize diverse ecosystems.13 In Argen-
tina, both viruses are widely distributed, encompassing tropi-
cal, subtropical, and semidesert ecosystems.7 This ecological
plasticity indicates the presence of alternative transmission
mechanisms allowing their maintenance in different situations
not compatible with mosquito vector transmission. These po-
tential mechanisms include annual introductions by migratory
birds, viral persistence in nondiapausing mosquitoes, or alter-
native arthropod vectors (i.e., ticks).14
In theArgentinian endemicarea forWNVandSLEV, the ticks
Ixodes pararicinus, Ixodes auritulus, Haemaphysalis juxta-
kochi,Haemaphysalis leporispalustris,Amblyommadubitatum,
Amblyomma ovale, Amblyomma tigrinum, and Amblyomma
triste have been reported on wild birds, such as Furnarius
rufus, Saltator aurantiirostris, Tarphonomus certhioides,
Turdus amaurochalinus, Turdus rufiventris, and Troglodytes
aedon15; however, it is uncertain whether these birds play a
role in maintaining or disseminating WNV and SLEV. We evalu-
ated thevectorcompetenceof three ixodid tickspecies (A.ovale,
A. tigrinum, and Amblyomma tonelliae) for the transmission of
WNV and SLEV and evaluated epidemiological implications.
MATERIALS AND METHODS
Ticks. Larvae of A. ovale, A. tigrinum, and A. tonelliae were
obtained from laboratory colonies that were maintained for at
most two laboratory generations by feeding on guinea pigs
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(Cavia porcellus) and New Zealand white rabbits (Oryctolagus
cuniculus). TheA. ovale colony originated from ticks collected
at Peruı́be, São Paulo state, Brazil; the A. tigrinum colony
originated from ticks collected at São Roque de Minas, Minas
Gerais state, Brazil; and the A. tonelliae colony originated
from ticks collected at El Tunal, Salta Province, Argentina. All
host animals were obtained from an animal room with no
history of tick infestation or tick-borne disease or any contact
with acaricides or antibiotic drugs. The breeding methodol-
ogy for ticks followed the general guidelines described by
Guglielmone et al.16
Viral strains. The WNV E/7229/06 strain, isolated from a
dead horse in Buenos Aires Province (Argentina),6 and the
SLEV 78V6507 strain, isolated from Culex pipiens quinque-
fasciatus mosquitoes from Santa Fe Province, Argentina,
were used.17 Both viral strains have been passaged three
times in suckling mice brain. Viral stocks were prepared as
10%suckling-mouse brains suspension inminimumessential
medium with 10% fetal calf serum and 1% gentamycin and
were titrated by plaque assay in Vero E6 (WNV) or HuH7.5
(SLEV) cells. The viral titer was expressed as plaque-forming
units per milliliter (PFU/mL).
Viremia profile in chicks. Forty-eight-hour-old chicks
(Gallus gallus) seronegative for WNV and SLEV (by plaque
reduction neutralization test [PRNT]) were subcutaneously
inoculated (five chicks with WNV and five with SLEV) in the
ventral region with 0.1 mL of viral suspension containing 300
PFU. All chicks were bled daily from the jugular vein over a
7-day period. Whole blood (0.1 mL) was diluted in 0.9 mL of
minimum essential mediumwith 10% fetal calf serum and 1%
gentamycin, and centrifuged at 1,500 g for 15 minutes; the
supernatant was stored at −80C and viremia titers were de-
termined (Figure 1A).
Tick infection and experimental design.Unfed larvae and
nymphs of A. ovale, A. tigrinum, and A. tonelliae were fed on
viremic chicks inoculated with WNV or SLEV. Based on the
results of chick viremia (Figure 1A), chicks were inoculated
with theWNV or SLEV 24 hours after infestation with the ticks;
this procedure allowed ticks to feed during the peak of viremia
(Figure 1B). Acquisition and transmission trials were con-
ducted with larvae, nymphs, and adults of the same tick
generation for the three tick species in parallel. First, un-
infected larvaewere exposed to viremic (needle-inoculated) or
naive (control) chicks. Then, uninfected nymphs were ex-
posed to viremic (needle-inoculated) or naive (control) chicks,
andpotentially infected nymphs (exposed as larvae on viremic
chicks) were fed on naive chicks. Finally, potentially infected
adult ticks (exposed as larvae or nymphs on viremic chicks)
were fed on guinea pigs (Figure 2).
For larval infestations, 36 chicks (12 chicks per tick species)
were used. Uninfected larvae were placed on 24-hour-old
chicks. Twenty-four hours after the placement of the larvae,
the chicks were inoculated subcutaneously into the ventral
region with 0.1 mL of the viral suspension or diluent (medium
FIGURE 1. (A) Viremia profile (mean and standard deviation) for West Nile virus (WNV) and St. Louis encephalitis virus (SLEV) detected in chicks
subcutaneously inoculated. (B) Timeline for transmission experiments carried out on this research. The gray box shows that tick feeding occurred
during the peak of viremia of the chicks. DPI = days postinoculation.
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supplemented with 10% fetal calf serum). For each tick spe-
cies, four chicks were infected with WNV, four with SLEV, and
four were noninfected control. At 48 hours postinoculation,
chick blood samples were taken to determine the presence or
absence of virus. Naturally detached engorged larvae were
recovered and maintained in an incubator at 25C and 90%
relative humidity for molting. On the 15th day of incubation
(before beginning the molting process), about one-third of the
engorged larvae were stored at −80C for further testing for
the presence of the virus (virus acquisition). The rest of the
engorged larvae remained in the incubator for molting to
nymphs,which in all cases resulted in > 80%molting success.
Nearly 50% of the molted nymphs were used to determine
the presence of the virus (transstadial perpetuation) and the
remaining were used to infest naive chicks to test vector
competence (Figure 2). Serum samples from the animals
collected at day 15 after tick infestations were tested for virus
and neutralizing antibodies.
For nymphal infestations, 45 chicks, 15 per tick species,
were used. For each tick species, five groups of three chicks
each were infested: nymphs from uninfected larvae (un-
infected control) were fed on naive chicks (control group), on
WNV-viremic chicks (WNV group), or on SLEV-viremic chicks
(SLEV group). In addition, potentially infected nymphs (pre-
viously exposed as larvae by feeding onWNV- orSLEV-viremic
chicks) were fed on naive chicks to assess transmission. All
unfed nymphs were obtained from experiment I (Figure 2). For
each group, the nymphs were placed on three 24-hour-old
chicks. Twenty-four hours after the placement of the nymphs,
the chicks were inoculated with viral suspension or with dilu-
ent (mock infected). At 48 hours postinoculation, the chicks
were bled to determine the presence or absence of virus in the
blood. Naturally detached engorged nymphs were collected
and held in the incubator for molting to adults. At day 20 of
incubation (before beginning the molting process), some of
the engorged nymphswere placed at −80C for further testing
for the presence of the virus (virus acquisition). The other
nymphs remained in the incubator for molting. Nearly 75% of
the molted adults were used to determine the existence of
transstadial perpetuation and the remaining specimens were
used to infest naive guinea pigs (one per tick group) to de-
termine vector competence. Serum samples from the animals
were tested for virus and neutralizing antibodies (described in
the following paragraph).
Detection of infection in ticks and hosts. To assess virus
acquisition (engorged ticks) and transstadial perpetuation
(molted unfed ticks), each tick was thoroughly rinsed with
sterile distilled water, triturated in 1.0 mL minimum essential
medium supplemented with 10% fetal calf serum and 1%
gentamycin, and thencentrifugedat 11,400g for 15minutes at
4C. Infectious viral particlesweredetectedbyplaque assay in
Vero E6 (WNV) or HuH7.5 (SLEV) cells using 100 μL of the tick
lysate.
For the vector competence infestations with nymphs and
adults that had previously fed on viremic hosts as larvae and
nymphs, respectively, the viral infection in chicks (infested
with nymphs) and guinea pigs (infested with adults) was de-
termined by plaque assay at 72 hours post-infestation and
seroconversion 15 days post-infestation.
Serology. The presence of neutralizing antibodies was
assayed by PRNT. Blood samples were allowed to coagulate
at room temperature for 30 minutes, followed by centrifuga-
tion to separate the serum. Sampleswere stored at−20Cand
heat inactivated at 56C for 30 minutes before testing. For
PRNT, sera were diluted 1:10 in medium supplemented with
10% fetal calf serum and end point antibody titers were
FIGURE 2. Diagram illustrating the sequence of experimental procedures with larvae, nymphs, and adults of each of the three species of ticks in
the present study. SLEV = St. Louis encephalitis virus; WNV = West Nile virus.
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determined using serial 2-fold dilutions. The serum samples
that neutralized at least 80% of the inoculated viral plaques
were considered positive.
RESULTS
West Nile virus. Larvae of the three tick species acquired
WNV through feeding on viremic chicks, as 18.0%, 3.1%, and
100% of the A. ovale, A. tigrinum, and A. tonelliae engorged
larvae, respectively, were shown to contain virus (Table 1).
Aftermolting, unfed nymphsderived from these larval batches
were tested by plaque assay, which revealed virus trans-
stadial perpetuation in 11.1% and 33.7% of the A. ovale and
A. tonelliae nymphs, and none of the A. tigrinum nymphs.
None of the chicks exposed to unfed nymphs from these tick
groups acquired viral infection, as chicks did not present vi-
remia by plaque assay and did not seroconvert to WNV.
Similarly, whereas 3.7% and 0% of the unfed adults of
A. tigrinum and A. tonelliae, respectively, derived from larvae
exposed to viremic chicks were shown to contain virus, none
of the adult ticks from these tick groups transmitted the virus
to guinea pigs, which remained virus free by plaque assay and
did not seroconvert. No A. ovale adult ticks were available for
these tests.
Plaque assays did not detect WNV in any of the engorged
nymphs of the three tick species that were tested before
molting and after feeding on viremic chicks (Table 1). How-
ever, in unfed adult ticks derived from these engorged
nymphal groups, 0%, 3.2%, and 11.5% of the A. ovale,
A. tigrinum, and A. tonelliae ticks, respectively, contained vi-
rus. These adult ticks (except for A. ovale, which were not
tested) were not competent to transmit WNV to guinea pigs,
which remained virus free by plaque assay and also did not
seroconvert.
SLEV. Engorged larvae ofA. ovale andA. tonelliae acquired
SLEV through feeding on viremic chicks, as 10.7%and 35.7%
of them, respectively, were shown to contain virus before
molting (Table 1). After molting, unfed nymphs derived from
these larval batches were tested by plaque assay, which
revealed transstadial virus perpetuation in 13.6% and 23.8%
of the A. ovale and A. tonelliae nymphs, respectively. For
A. tigrinum, although none of the tested engorged larvae were
shown to contain virus, 15.6%of the unfed nymphs contained
virus, indicating transstadial perpetuation. Conversely, none
of the chicks exposed to unfed nymphs from these tick groups
acquired viral infection. Moreover, none of the unfed adult
ticks of A. tigrinum and A. tonelliae derived from larvae ex-
posed to viremic chickswere shown to contain virus byplaque
assay, and none of the adult ticks from these tick groups
transmit the virus to guinea pigs. There were no A. ovale adult
ticks available for these tests.
Plaque assay did not detect SLEV in any of engorged
nymphs of the three tick species that were tested before
molting and after feeding on viremic chicks, nor in unfed adult
ticks derived from these engorged nymphal groups (Table 1).
In addition, adult ticks of these tick groups (except forA. ovale,
which were not tested) were not competent to transmit SLEV
to guinea pigs.
Through the study, all ticks and hosts from the uninfected
control groups were negative by plaque assay or PRNT for
either WNV or SLEV in all trials.
DISCUSSION
In the 1950s, laboratory studies aiming to determine if any
tick species might serve as competent vectors for WNV were
conducted,18,19 and theuniqueprevious report demonstrating
the existence of infection and transstadial transmission of
SLEV in ticks was performed using Dermacentor variabilis.20
Since then, the vector competence of several tick species has
been evaluated for WNV.21–26 However, no species of South
American Ixodidae have been evaluated so far.
In the present study, we demonstrated that larvae and
nymphsofA. ovale,A. tigrinum, andA. tonelliae acquiredWNV
or SLEV after feeding on viremic hosts. Although virus ac-
quisition by feeding and transstadial perpetuation were
demonstrated for larvae, and in a lesser extent for nymphs,
vector competencewasnull for both nymphsandadult ticksof
the three Amblyomma species examined. Similar results were
observed previously with WNV in Ixodes scapularis, Derma-
centor andersoniandD. variabilis,22 and Ixodespacificus in the
UnitedStates.25 In thesestudies, immature tickswere infected
by WNV after feeding on viremic hosts and retained the virus
by transstadial perpetuation, but transmission to hosts was
TABLE 1
Infection rates of ticks (Amblyommaovale,Amblyomma tigrinum, andAmblyomma tonelliae) byWNVor SLEVafter acquisition feeding experiments
on viremic chicks, and vector competence of the post-molted stages of ticks
Tick species
Virus acquisition* Transstadial perpetuation† Vector competence‡
Engorged larvae Engorged nymphs Unfed nymphs Unfed adults-L Unfed adults-N Nymphs Adults-L Adults-N
WNV
A. ovale 9/50 (18.0) 0/5 (0) 2/18 (11.1) ND 0/6 (0) 0/3 (0) ND ND
A. tigrinum 3/96 (3.1) 0/11 (0) 0/57 (0) 1/27 (3.7) 1/31 (3.2) 0/3 (0) 0/1 (0) 0/1 (0)
A. tonelliae 21/21 (100.0) 0/4 (0) 29/86 (33.7) 0/18 (0) 3/26 (11.5) 0/3 (0) 0/1 (0) 0/1 (0)
SLEV
A. ovale 3/28 (10.7) 0/5 (0) 3/22 (13.6) ND 0/5 (0) 0/3 (0) ND ND
A. tigrinum 0/22 (0) 0/20 (0) 12/77 (15.6) 0/28 (0) 0/10 (0) 0/3 (0) 0/1 (0) 0/1 (0)
A. tonelliae 5/14 (35.7) 0/16 (0) 5/21 (23.8) 0/20 (0) 0/21 (0) 0/3 (0) 0/1 (0) 0/1 (0)
adults-L = adult ticks previously exposed to virus during larval feeding on viremic chicks; adults-N = adult ticks previously exposed to virus during nymphal feeding on viremic chicks; SLEV =
St. Louis encephalitis virus; WNV = West Nile virus; ND = no data.
* Engorged larvae and nymphswere allowed to feed on viremic chicks and tested by viral infection by plaque assay at 15 days post-host detachment, beforemolting. Values presented as number
of infected ticks/number of tested ticks (% infection).
†Unfed nymphs and adults were tested after molting from engorged larvae and adults, respectively, which had fed on viremic chicks. Values presented as number of infected ticks/number of
tested ticks (% infection).
‡Unfed nymphs and adults, previously exposed to acquisition feeding as larvae and nymphs, respectively, on viremic chicks, were allowed to feed on naive hosts (chicks for nymphs and guinea
pigs for adults) to evaluate their viral vector competence. Values presented as number of hosts that became viremic or/and seroconverted after infestation/number of infested hosts (each chick or
guinea pig was infested with 20 nymphs or eight adult ticks).
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not observed. Lawrie et al.23 demonstrated that Ixodes ricinus
became infected with WNV after feeding on infected rodents;
however, 30 days after engorgement, they found no evidence
of WNV infection. Furthermore, Anderson et al.22 observed
thatAmblyomma americanum acquired the virus after feeding
on hamsters, but no transstadial perpetuation was demon-
strated. On three occasions during our assays, the engorged
ticks were negative for virus, but the molted ticks of the same
challenge were infected. This result suggests a low sample
size effect because the number of molted ticks analyzed was
greater than the number of engorged ticks.
It is remarkable that these viruses are able to withstand the
environmental conditions of the midgut of ticks, which is dif-
ferent from that of mosquitoes. Digestion of blood by ticks is
primarily an intracellular process that occurs within the cells of
themidgut.27 The susceptibility of arthropodmidgut cells is an
important determinant of vector competence because it is the
primary site for virus replication and represents an intestinal
barrier.28 Although the nature of the midgut barrier has not
been determined in ticks, it appears to vary among different
virus tick systems.29 Similarly, our results suggest that this
midgut infection barrier showed variability in larvae and
nymphs of A. ovale, A. tigrinum, and A. tonelliae infected by
WNV and SLEV, as evidenced for different infection rates in
unfed ticks after molting, with a tendency for higher infection
rates in A. tonelliae ticks.
Because of the feeding behavior of ticks, the virus must
persist from one instar to the next (transstadial perpetuation)
to be transmitted to a vertebrate host.28 The existence of
transstadial perpetuation may suggest that WNV and SLEV
have adaptations that allow them to survive the premolting
period, which in the present study lasted 3–4weeks. There are
several strategies adopted by tick-borne viruses that have
been adapted to survive the molting period, such as the ap-
parent selection of different specific cell types, tissues, or
organs.28,30 This period is important in terms of virus survival
because histolytic enzymes and tissue replacement associ-
ated with molting provide a potentially hostile environment31;
therefore, we can speculate that these viruses could survive
the molting period by establishing an infection in at least one
cell type that did not undergo histolysis.
During the molting process, salivary glands are reabsorbed
and regenerated, so viruses must be able to replicate and to
invade newsalivary gland cells before being transmitted to the
new stage of development.28 Moreover, the timing for viral
invasion of new salivary gland cells may be important for
successful transmission. Some viruses (tick-borne encepha-
litis virus and Powassan virus) infect salivary glands before
arthropod feeding and are successful transmitted, whereas
others (Thogoto virus and Dugbe virus) accumulate in the
glands after feeding and, therefore, are not transmitted.32–36
The evidence from our study confirm that in the three
Amblyomma tick species analyzed, SLEV and WNV are not
transmitted by nymphs nor adults through feeding, and this
could be related to the inability of these virus to infect salivary
glands before tick feeding.
The results of this study indicate that A. ovale, A. tigrinum,
and A. tonelliae are not competent vectors for WNV or SLEV,
suggesting that theymight not serve as alternative vectors for
virus persistence during unfavorable environmental condi-
tions for mosquito vector transmission. However, it is impor-
tant to mention that these viruses were able to infect these
ticks and to survive throughout the molting period, which is
important because it increases the adaptive potential.
Therefore, if a feeding acquisition occurs on a host in nature,
these viruses could persist within these ticks during the un-
favorable environmental conditions for mosquito vector
transmission. This hypothesis was discussed by Anderson
et al.22 for the WNV. They suggest that in northeastern United
States, the I. scapularis larvae could be infected by viremic
birds. Thus, the virus is able to survive the winter in fed larvae,
and if an eventual oral transmission of WNV by ingestion oc-
curs, birds could become infected by ingesting infected ticks.
As in theUnited States, with I. scapularis, the larvae ofA. ovale
and A. tigrinum (no information for A. tonelliae) feed on birds
during unfavorable periods for mosquito transmission (cold
and drought).15,37
Vector competence is a result of a complex interaction
among virus and arthropod species, and sometimes it would
be a very specific relationship. So, we consider that future
studies including other tick species (Ixodes and Haemaphy-
salis) and other sympatric viral strains are required.
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